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ABSTRACT
We investigate the vertical structure of the outer layers of accretion discs in which the
local viscous energy dissipation rate scales with the pressure as for standard Shakura-
Sunyaev discs. It has been pointed out by several authors that a thermal instability
occurs in the outer layers of such discs when the gas pressure drops below a certain
value. When the density becomes too low thermal equilibrium can no longer be main-
tained and the gas heats up, forming a hot corona or possibly a wind. To assess the
importance of this effect we estimate the pressure and temperature at which this in-
stability will occur, where the instability point lies with respect to the total vertical
disc structure, and whether the instability is likely to be important for the disc as
a whole. The main difference between our work and earlier estimates lies in a more
detailed treatment of the heating and cooling processes and the inclusion of the effects
of an external radiation field.
By solving for the accretion disc vertical structure using the grey two-stream ap-
proximation instead of the usual diffusion approximation for the radiative transfer,
we first show that the thermal structure of the optically thin outer layers is in first
approximation independent from radiative transfer effects, and follows the thermal
equilibrium curve for optically thin plasma’s in the pressure-temperature plane. We
then calculate the thermal structure using the detailed photoionisation code MAP-
PINGS, which includes much more accurate heating and cooling physics than the
mean opacity used in the vertical structure calculations. This approach also allows a
straightforward inclusion of the effects of an external radiation field from the centre
of the accretion flow.
We apply our method to cataclysmic variable (CV), and stellar mass black hole
discs, and show that evaporation due to the thermal instability can be important under
a variety of conditions. In the case of CVs, radiative heating by photons emanating
from the boundary layer can increase the evaporation rate significantly over the non-
irradiated case, but for steady state CV discs the evaporation by the mechanism
considered here is still not sufficient to evaporate the entire disc. It may become
important however in non-steady discs in dwarf novae if the accretion heated white
dwarf plays a role in irradiating the disc after an outburst. In the case of Black Hole
Soft X-ray Transients, the evaporation can have a significant effect on the structure
of the outer regions of the disc, resulting in mass loss rates comparable to the local
mass accretion rate through the disc for M˙ <
∼
1016 g s−1 for a 10 solar mass black
hole. Accretion in such systems could therefore proceed mainly from a hot thick disc
formed by evaporation from the outer regions of the thin disc. The evaporation can
be quenched by Compton cooling only for mass transfer rates of M˙ >
∼
1018 g s−1 and
low values of the viscous heating parameter α.
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1 INTRODUCTION
The vertical structure of accretion discs, as based on the
equations of hydrostatic equilibrium, energy transport and
detailed opacities and equation of state has been studied
extensively in the past (e.g. Mineshige & Osaki 1983, Smak
1982, Meyer & Meyer Hofmeister 1982, Canizzo & Wheeler
1984, Shaviv & Wehrse 1986, Mineshige & Wood 1990).
Most of these works assume that the heating prescription
for vertically averaged disc structures originally given by
Shakura & Sunyaev (1972), H ∝ αP, is also valid locally.
As discussed earlier in Shaviv & Wehrse 1986 (hereafter
SW), Adam et al. 1988 (hereafter ASSW), Czerny & King
1989 and Shaviv, Wickramasinghe &Wehrse 1998 (hereafter
SWW) this assumption must lead to a thermal instability
in the outer, low-density layers of the disc. The underlying
mechanism is as follows. The cooling rate at a given temper-
ature of a low density optically thin gas is roughly propor-
tional to the density squared, whereas the viscous heating
rate is proportional to the density. Thus, when the density
in the disc decreases outwards, the cooling decreases faster
than the heating. As long as the cooling rate at constant
pressure increases with temperature, the equilibrium tem-
perature rises with decreasing density. More realistic cooling
curves however (e.g. Raymond et al. 1976) have a maximum
in the cooling rate at a temperature between 104 and 105
K, after which the cooling rate decreases with increasing
temperature. This leads to runaway heating.
In this paper we investigate this instability further, and
discuss the likely consequences for the disc structure. ASSW
have argued that this instability can lead to the formation of
a stable “corona” with a temperature of a few times 105 K
over a large fraction of the disc surface, and SWW argue that
it could lead to mass loss from the surface of the disc that
can become comparable to the total mass accretion rate.
These conclusions depend strongly on the opacities used
in these calculations, since the opacity essentially prescribes
the cooling rate. SWW considered power law opacities, and
in their applications to Black Hole Soft X-ray Transients
(BHSXTs), took only bremsstrahlung emission and absorp-
tion into account, which severely underestimates the cooling
rate in the optically thin outer disc layers when they are
cooler than 107 − 108 K. ASSW used relatively old opac-
ity tables, and as is discussed in more detail below, used
the Rosseland mean absorption coefficient in the thermal
equilibrium equation rather than the Planck mean (see also
Hubeny 1990). These two means can easily differ by a fac-
tor of 103, so that this assumption has a major effect on
the results. Additionally, these papers did not consider the
effect of the irradiation of the outer disc layers by a much
harder, but diluted continuum from the central parts of the
accretion disc or the accreting compact object.
We therefore reinvestigate the structure of the optically
thin outer layers of accretion discs. The outline of this pa-
per is as follows. First, we present some vertical structure
models based on the two stream approximation. These show
that the thermal structure of the outer layers is essentially
determined by the thermal equilibrium curve in the pres-
sure - temperature plane. We then argue (see also Mineshige
& Wood 1990) that the description of heating and cooling
processes in terms of mean opacities (as used in the set of
accretion disc vertical structure equations) is not accurate
enough to properly describe the thermal equilibrium, and
present a set of detailed calculations of thermal equilibrium
curves in the P −T plane obtained with the photoionisation
equilibrium code MAPPINGS. Based on these curves, we
then discuss the consequences of the thermal instability for
the accretion disc. The results are applied to Cataclysmic
variable (CV), and stellar mass black hole discs.
2 METHOD
2.1 Vertical Structure Equations
To solve for the detailed vertical disc structure we require a
set of equations for the hydrostatic equilibrium and energy
generation and transport. Since this paper deals mainly with
processes in the outer, optically thin layers of accretion discs
we neglect convective energy transport.
The hydrostatic equation is
dP
dz
= −Ω2zρ(P, T ) + χR
c
F (1)
where P is the gas pressure, and Ω the Keplerian an-
gular velocity of the disc at the radius considered, χR is
the Rosseland mean opacity and F the radiation flux. Our
equation of state
ρ = ρ(P,T ) (2)
includes the effects of ionization of hydrogen and helium,
and is computed together with the mean opacities.
Most detailed vertical structure models calculate the
radiative energy transport in the diffusion approximation
(Meyer &Meyer-Hofmeister 1982, Canizzo &Wheeler 1984),
which is clearly not appropriate for the optically thin outer
regions of the disc that are the main emphasis of this work.
The best way to solve the problem would be to treat the
entire disc as a stellar atmosphere (see e.g. Hubeny 1990,
Hubeny & Hubeny 1997) with a full treatment of the angle-
and frequency dependent radiation field, but in practice this
is not straightforward, and also not necessary if one is just
interested in the global behaviour of the solutions and not
in the detailed line profiles. We therefore make two approx-
imations. The frequency dependence is eliminated by using
only frequency integrated quantities and appropriate mean
opacities, and the angle dependence is simplified by consid-
ering only an ingoing and an outgoing direction. This leads
to the so-called grey two-stream approximation. Although
approximative, this method still allows for a natural transi-
tion between optically thick and optically thin regions.
We base ourselves on the grey two-stream formalism, in
which the direction of the outgoing and ingoing beam are
taken to travel at an angle θ with respect to the normal of
the surface , with cos θ = 1√
3
and − 1√
3
respectively. In a
slightly different form (taking cos θ = 1,−1), this formalism
has been used in several papers calculating accretion disc
vertical structure (SW, ASSW).
We first define the following quantities. The frequency
integrated intensities along the outgoing and ingoing stream
will be called (I+) and (I−). In terms of these two quantities,
the mean intensity J and flux F are defined as
J =
1
2
(I+ + I−) (3)
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F =
2π√
3
(I+ − I−) (4)
The radiative transfer equations for (I+) and (I−) are
1√
3
dI+
dz
= −χρI+ + j = −χρI+ + κρB(T ) (5)
− 1√
3
dI−
dz
= −χρI− + j = −χρI− + κρB(T ) (6)
where χ and κ are the mean opacity and the absorption coef-
ficient (per gram), j is the volume emissivity, and B(T ) the
frequency integrated Planck function. The second equality
follows from the assumption of LTE.
By adding and subtracting the transfer equations for I+
and I− we derive the folowing equations for J and F (similar
to the first and second moments of the full radiative transfer
equation)
dJ
dz
= −3χRρ
4π
F (7)
dF
dz
= 4πκP ρ (B(T )− J) (8)
where χR is the Rosseland mean opacity, and κP the Planck
mean absorption coefficient (both per gram). Equation 8
implicitly assumes that the spectral shape of the mean in-
tensity J is not too different from the Planck function at the
local temperature T . This could be a problem if the temper-
ature in the optically thin outer disc layers would be very
different from the disc effective temperature (corona-like),
but this situation is not encountered in our solutions.
From the definitions of J and F , and the condition
that there is no incoming radiation at the outer boundary
(I− = 0), and the symmetry condition in the disc midplane
(I+ = I−), we find the two boundary conditions
F = 0 at z = 0 (9)
F =
4π√
3
J at z = zout (10)
where zout is the outer edge of the disc, which is predefined
to lie at some very low pressure, say comparable to that of
the interstellar medium.
In the two-stream approximation the temperature is not
obtained by integrating the temperature gradient (as in the
diffusion approximation), but is calculated locally from the
two variables J and P by solving the thermal equilibrium
equation
4πκP (P, T )ρ(P, T )(B(T )− J) = Hvisc(P ) (11)
where Hvisc is the viscous heating rate per unit volume,
Hvisc = 1.5αΩP . (12)
From our solutions of the vertical disc structure using
the two-stream approximation as described above, we will
find that the thermal structure of the outer layers of the disc
(as defined by the temperature of the solution as a function
of pressure) no longer depends on radiative transfer effects.
This can be understood as follows. At low optical depth and
low pressure, the flux F is nearly constant, being determined
by the dissipation in the underlying layers. Furthermore,
we find that the outer boundary condition (10) is not only
satisfied at the exact outer boundary, but is a very good
approximation throughout the optically thin region. In this
case the temperature equilibrium equation can be simplified
to
4πκP (P, T )ρ(P,T )
(
σSBT
4
π
−
√
3σSBT
4
eff
4π
)
= Hvisc(P )(13)
where σSB is the Stefan-Boltzman constant. Using this equa-
tion, we can solve for the heating/cooling equilibrium as a
function of the local variables pressure and temperature in
the outer layers of the disc for given values of the central
mass, mass accretion rate (which is equivalent to effective
temperature) and radius without having to consider the ver-
tical disc structure.
2.2 Opacities
Previous applications of the grey two-stream method to
accretion disc vertical structure have not always taken the
correct type of opacity average in the moment equations, and
have used the Rosseland mean absorption coefficient rather
than the Planck mean in equation 8 (ASSW). The Rosse-
land mean is basically a measure of how easily radiation can
escape. It is designed to give the correct physical result when
the diffusion approximation is used, and is thought to be a
good approximation of the flux mean, hence its appearance
in equation 7. It is mainly determined by how much of the
spectral range has a relatively low opacity. Our numerical re-
sults confirm the assumption underlying the simplification
made in previous works, in that the structure of the main
body of the accretion disc is in fact extremely insensitive to
the mean opacity in equation 8.
However, there is a problem with using the Rosseland
mean when considering the structure of the optically thin
regions that we are interested in in this paper. The optically
thin cooling rate C is given by definition as
C ≡ 4π
∫
κνBν(T )dν ≡ 4πκPB(T ) (14)
with κP the Planck mean opacity. If the cooling is mainly
due to lines or other features with a high absorption coeffi-
cient over a narrow frequency range, the Planck mean can
be much higher than the Rosseland mean, and the use of the
Rosseland mean in equation 11 severely underestimates the
cooling rate. Comparing Rosseland and Planck mean opac-
ities from the Opacity Project the difference can exceed a
factor of 103, and even for a continuum process like free-free
absorption the Planck mean is about 40 times higher than
the Rosseland mean (Rybicki & Lightman 1979). In our ap-
plication, it is therefore essential to use the Planck mean in
equations 8, 11 and 13.
The Rosseland mean opacities we use are calculated
with a program provided by R. Wehrse (private communica-
tion), and the Planck mean opacities are based on opacities
from the Opacity Project (OP, Seaton et al. 1993) which
are the state of the art in including as many bound-bound
and bound-free processes as feasible. The reason we use dif-
ferent sources for the two mean opacities is as follows. The
opacity program by Wehrse can calculate the opacities from
physical principles over the entire range of pressures and
temperatures needed for our accretion disc models, whereas
the OP tables cover only a part of it. On the other hand,
the program does not consider many spectral lines that are
c© 0000 RAS, MNRAS 000, 000–000
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quite important for optically thin cooling. The Rosseland
mean opacities from these two sources are virtually indis-
tinguishable in the (P, T ) region where both are available,
but the Planck mean resulting from Wehrse’s program is
much lower than that from the OP data because many lines
are not included.
Using the OP mean opacities for accretion discs two
problems are encountered. The first is that the range of den-
sity and temperature for which these opacities have been
computed do not overlap the entire regime for which they
are needed, so that extrapolation to low density is necessary.
The second one is that they are calculated for LTE, which
will no longer be valid in the low density optically thin outer
layers of the disc. In the low density limit we have
4κP ρσSBT
4 ≡ Λn2H (15)
where Λ is the “cooling function” calculated by many au-
thors (e.g. Raymond et al. 1976, Sutherland & Dopita 1993).
We therefore extrapolate the OP opacities to low densities
assuming that below the lowest density available on the OP
grid κP is reduced proportional to the density. The “cool-
ing function” that can be derived from the OP Planck mean
opacities using equation 15 is mostly within a factor of a few
from the detailed cooling functions quoted above, except for
low temperatures below 1.5× 104K where it is significantly
higher. In spite of these difficulties with the OP opacities, we
still consider them an improvement over using the severely
underestimated Planck mean opacities as calculated with
Wehrse’s program.
3 RESULTS
3.1 Vertical structure models
Here we first describe some results of our vertical structure
calculations with the grey two-stream method to be able
to put the results of our surface layer models into context.
We solve the basic set of differential equations 1, 7, 8 with
boundary conditions 9, 10 and T = Tc at z = 0, together
with the auxiliary equations 2, 11 and 12, for the four vari-
ables P , T , J and F as a function of z. The integration is
started in the midplane (z=0), and proceeds outwards. In
previous applications of the two-stream grey method the in-
tegration was usually started at the surface, but because we
want to find the point where the thermal equilibrium equa-
tion does not have a solution any more, we can not use this
method here.
Rather than solving for the disc structure by iterating
on the disc height for a given mass accretion rate (or flux
at the surface boundary), we solve for a self consistent disc
structure by iterating on the central density for a given cen-
tral temperature Tc, and the mass accretion rate and surface
density are determined by the model. The density at z=0 is
iterated until the outer boundary condition (10) is fulfilled
at a pressure where the optical depth is already very low
(say 10−3). This solution determines the main structure of
the disc. We then do one more integration outwards with
the midplane density and temperature from the converged
solution, but now the integration does not stop at the pres-
sure previously defined as the outer boundary, but continues
outwards until the thermal equilibrium equation does not
Figure 1. The relation between the surface density and the ef-
fective temperature of an accretion disc around a 1 M⊙ object
that we obtain from our vertical structure calculations, for radii
109, 3.5× 109 and 1010 cm.
Figure 2. An example of the vertical structure of an accretion
disc. Shown are the temperature (solid), pressure (dashed) and
Rosseland mean optical depth (dotted) as a function of height
above the disc plane for an accretion disc around a 1 M⊙white
dwarf, at a radius of 1010 cm, and for a mass accretion rate of
10−9 M⊙yr−1.
have a solution any more. It was carefully verified that the
instability point obtained in this way does not depend on
the choice of pressure at the outer boundary in the initial
disc structure iterations as long as it lies at sufficiently low
optical depth and pressure. Below we present some results
for an accretion disc with α = 0.3 around a one solar mass
compact object. In Figure 1 we show the relation between
surface density and effective temperature (the “S-curves”)
for radii 1010, 3.5×109 and 109 cm. The lowest Teff models
have a τR of a few tenths, and are therefore already unre-
liable since the radiation field is no longer approximately
a Planck spectrum, and the effective mean opacity will be
very different from the Rosseland mean (Mineshige & Wood
1990). We therefore do not extend our models to lower op-
tical depth discs. These curves reproduce reasonably well
previous calculations carried out by other investigators (e.g.
Canizzo & Wheeler 1984 ) in the diffusion approximation. In
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. The pressure as a function of temperature from our
vertical structure calculations, for a disc around a 1 M⊙white
dwarf. It represents a series of models at a radius of 3.5×109 cm,
with M˙disc equal to 10
14, 1015, 1016 and 1017 g s−1 from left to
right
Figure 2 the vertical structure of a disc model at R = 1010
cm with an accretion rate of M˙ = 10−9M⊙yr−1 is shown in
detail. Plotted are the temperature, pressure and Rosseland
mean optical depth as a function of height above the disc
mid-plane. The cross on the temperature curve indicates the
point where the optical depth is 1. The most pronounced fea-
ture is the long temperature plateau at low optical depth,
which is explained in the next section. The temperature
only starts to rise significantly, signalling the approach of
the instability point, at a very low optical depth of less than
10−9. Note that there is no hydrostatic corona in this model:
the temperature changes continuously, and at the pressure
where the low-temperature equilibrium is lost there is no
high-temperature equilibrium available to the gas. This is
similar to the case when only free-free processes are consid-
ered (SWW). Figure 3 shows the relation between temper-
ature and pressure for a number of models with increasing
mass transfer rate [M˙disc = 10
14, 1015, 1016 and 1017 g s−1 ]
at R = 3.5 × 109 cm. All structures have the same general
morphology: pressure and temperature drop simultaneously
with increasing height, until the point at which τR = 1 is
reached. At this point the temperature becomes constant at
a value slightly below the effective temperature, while the
pressure drops by about 6 orders of magnitude. At very low
pressure the temperature starts to rise again until the ther-
mal instability sets in.
3.2 Simple surface layer models
In this section we will show how the simplified thermal equi-
librium equation 13 explains the behaviour of the full disc
solution at low optical depth. In Figure 4 we show the solu-
tion of equation 13 in the T, P plane for R = 3.5×109 cm and
M˙ = 1017grs−1 . At high pressures there are two equilibrium
temperatures. The high temperature solution mostly lies on
an equilibrium curve with a positive d logP
d logT
gradient, and is
unstable since after a temperature perturbation at constant
pressure (dictated by the hydrostatic equilibrium), the gas
will tend to move farther away from the equilibrium line. On
Figure 4. The thermal equilibrium curve in the (P, T ) plane that
is calculated from equation 13. The parameters are the same as
for Figure 3, except that only the results for M˙disc = 10
17 g s−1
is shown.
Figure 5. A close-up of the thermal equilibrium curves resulting
from equation 13, on the same scale as Figure 3. The curves are
for M˙disc = 10
14, 1015, 1016 and 1017 g s−1 from left to right
respectively.
the other hand, the low temperature equilibrium is stable.
For low temperatures, the temperature is almost indepen-
dent of the pressure. This is because H/κρ << σSBT
4
eff ,
so that the equilibrium temperature is given to high preci-
sion by T = (
√
3
4
)0.25Teff . Since at low densities κ ∝ ρ, for
low enough pressures the heating term becomes comparable
to the absorption and emission terms, and the equilibrium
temperature rises. The minimum in the thermal equilibrium
curve defines the lowest pressure at which thermal equilib-
rium is possible. In Figure 5 we show a close-up of the
solution of equation 13 on the same scale as in Figure 3, for
R = 3.5 × 109 cm and M˙ = 1014, 1015, 1016 and 1017 grs−1.
Comparing Figure 5 with Figure 3, it is obvious that the disc
models just follow the thermal equilibrium curve as soon as
the optical depth becomes small. Therefore, to estimate the
temperature and pressure at the instability point we do not
have to calculate the entire disc model, but only the equi-
librium curves.
From Figure 4 it is clear that these vertical structure
c© 0000 RAS, MNRAS 000, 000–000
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models never form a significant static hot corona. We note,
however, that for a narrow range of pressure and tempera-
ture close to the global minimum in the equilibrium curves,
there is a second higher temperature branch of negative
d logP
d logT
where another stable equilibrium solution appears to
be possible. Thus, we see from the close-up of Figure 5, that
for a very narrow range of log M˙ between 15 and 16 the
equilibrium curve has two minima, the higher temperature
one ( 2 × 104 K) being slightly lower in pressure than the
lower temperature (∼ 104 K) one. The difference in pressure
between the two minima is so small, however, that this can-
not be considered a significant effect. Anyway, our cooling
description is not likely to be accurate to such fine detail
because of uncertainties in the opacities.
4 DETAILED SURFACE LAYER MODELS
Clearly the description of the radiative heating and cooling
processes in terms of a single (very uncertain) mean opacity
is not very satisfactory. The adequacy of using mean opac-
ities for optically thin discs and accretion disc atmospheres
is also addressed in detail by Mineshige & Wood 1990, who
found that models with a frequency dependent opacity can
lead to significantly different results than those with mean
opacities. Furthermore, the model above neglects the possi-
ble effect of a dilute external radiation field from the centre
of the accretion disc or the surface of the accreting star
when one is present. This external radiation field can be
quite important, as has already be shown in other models
(e.g. Begelman & McKee and Shields 1983, Idan & Shaviv
1996).
The previous section has shown that, in the outer very
optically thin layers of the accretion disc where the thermal
instability occurs, the temperature as a function of pressure
is given to high accuracy by the thermal equilibrium curve
in the (P, T ) plane of an optically thin gas irradiated by the
underlying disc (equation 13). This result allows us to con-
struct a more accurate description of the low optical depth
region by calculating such thermal equilibrium curves for
optically thin irradiated gas in more detail by using a dif-
ferent tool. It turns out that the pressure, temperature and
optical depth in these outer layers is such that it is possible
to calculate the thermal equilibrium curves with a photoion-
isation equilibrium code, with an extra heating term added
to describe the viscous energy dissipation. We have used the
code MAPPINGS (Sutherland & Dopita 1993). As all other
photoionisation codes, this code is designed to work for a
low density environment, and does not make any assump-
tions like LTE. The downside is that such codes become
less accurate when the density becomes very high, because
collisional de-excitation for species other than hydrogen and
helium is not included, which could quench some of the emis-
sion lines. This limit on the density means that we can not
consider the innermost parts of accretion discs around neu-
tron stars or stellar mass black holes because the pressures
and densities at the point where the optical depth becomes
small are too high for the photionisation equilibrium code.
Thus, we consider the thermal equilibrium of an opti-
cally thin parcel of gas heated by viscous heating (equation
12) and irradiated by a radiation field with two components:
an undiluted blackbody with a temperature equal to the ef-
Figure 6. The thermal equilibrium curves for the viscously
heated outer layers of a CV accretion disc we obtain from the de-
tailed photoionisation calculations. Equilibrium curves are shown
for two values of the viscosity parameter, α = 0.3 and 0.01. Each
curve is marked with the logarithm of the mass flow rate through
the disc in g s−1. The curve marked 17nr is for the same pa-
rameters as that marked 17, except that the irradiation from the
boundary layer is not included. The dotted lines are lines of equal
total mass loss from the cool disc by evaporation as calculated by
equation 17, and are also labelled with the logarithm of the mass
flow rate.
fective temperature of the underlying accretion disc, and a
diluted, generally much hotter blackbody coming from the
central parts of the accretion flow. The fact that the disc
models above indicate that the instability point lies at ex-
tremely low (∼ 10−7−10−10) Rosseland mean optical depth
justifies our neglect of radiative transfer effects. We have also
neglected the possible effect of shadowing of the radiation
coming from the inner parts of the accretion flow by the disc
at radii smaller than the one considered.
In terms of input parameters, the surface layer models
are a function of the central mass M , the mass flow rate
through the disc M˙disc, the radius r in the disc considered,
the viscosity parameter α, and the external radiation field.
4.1 Application to Cataclysmic Variable Discs
For the external irradiation of a CV disc we take the radia-
tion field expected from the boundary layer. We assume that
for accretion rates below 1016 g s−1 the boundary layer is in
a hot (T ∼ Tvirial ∼ 108 K) state (Warner 1995), leading to
highly diluted, hard irradiating spectrum. For M˙disc ≥ 1016g
s−1, the boundary layer is optically thick, and we take the
radiating area to be 2πRWDhBL, with RWD the white dwarf
radius and hBL = 0.25RWD . In all cases we assume that the
total luminosity of the boundary layer is
LBL =
1
2
GMM˙
RWD
. (16)
That is, we assume that the heating is what is expected for
a steady disc corresponding to the given M˙. Figure 6 shows
the result of the thermal equilibrium analysis of the outer
layers of a CV disc at r = 3.5× 109 cm, for a range of mass
flow rates through the disc (M˙disc) ranging from 10
14 to 1017
g s−1, and two choices for the viscosity parameter α, 0.3 and
c© 0000 RAS, MNRAS 000, 000–000
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0.01. We show only the part of the equilibrium curve before
or slightly beyond the minimum, since for higher tempera-
tures only unstable equilibria exist.
The irradiation flux, and its spectrum, determines the
pressure and the temperature at which thermal instability
sets in, but does not change the overall qualitative behaviour
of the thermal equilibrium curves. To demonstrate the for-
mer, we also show two models with the external radiation
field turned off. These are the curves marked 17nr in Figure
6. We can see that, to good approximation, the effect of this
on the equilibrium curve is the same as reducing the mass
accretion rate in the models including external radiation by
a factor of 102.
The general morphology of the curves is quite similar to
Figure 5. Most directly comparable to Figure 4 is the non-
irradiated curve 17nr (solid), which has exactly the same pa-
rameters (α = 0.3, M˙ = 1017 g s−1). In detail there is some
difference. The temperature over most of the atmosphere is
lower than that derived using a mean opacity, showing that
the assumptions (mainly LTE) underlying the mean opacity
calculations are not valid in the low density outer layers. The
new minimum lies at a similar temperature (log T ∼ 4.5),
but at a 10 times higher pressure. The inclusion of the ex-
ternal radiation field raises the critical pressure by an ad-
ditional factor of 100. The detailed models are also similar
to those in the previous section in that we never find hy-
drostatic coronae, since there is no hot equilibrium phase
available to the gas once the pressure has dropped below
the minimum.
Following Czerny & King 1989, we estimate the mass
loss rate that can result from the thermal instability from
the pressure and temperature at the instability point (see
also SWW):
M˙w(r) ∼ 2πr2ρinstcs,inst (17)
where ρinst and cs,inst are the density and sound speed at
the minimum in the thermal equilibrium curve. We consider
this estimate to be an upper limit because the real mass loss
rate is determined by ρcs at the critical point where v = cs.
This critical point must lie at a higher z than the thermal
instability point where the outflow starts to be driven, and
we know that ρcs ∝ P/
√
T is a decreasing function of height.
The dotted lines in Figure 6 are lines of equal mass loss
as defined by equation 17, labelled with the logarithm of the
mass loss rate from the cool disc. We see that the minimum
in the thermal equilibrium curves occur at a temperature
and pressure that imply an evaporation rate that is always
less than 10−2 times the accretion rate, with the largest
relative mass loss occurring for the lowest accretion rates.
We also find that the relative importance of evaporation (as
defined by the ratio M˙w/M˙disc) is not very dependent on
radius being about 3 times higher at 1010 than at 109 cm.
On the basis of the above calculations, we can conclude
that mass loss by evaporation due to the mechanism con-
sidered here will occur, but cannot be very important for
the overall structure of steady CV discs. One may ask if the
mechanism could be more effective in non steady discs, such
as those found in dwarf novae, and perhaps be responsible
for the central “holes” that appear to develop in some sys-
tems after an outburst. According to the limit cycle model
for dwarf novae, the mass transfer rate through the disc os-
cillates between the values appropriate to the upper and
Figure 7. The thermal equilibrium curves for a disc with the
same parameters as in Figure 6, for a mass flow rate of 1014
g s−1 through the disc, but with increased irradiation from the
boundary layer, as could happen during an outburst phase. To
model the increased irradiation, the mass flow rate in the bound-
ary layer has been increased by a factors of 10, 100 and 1000
relative to that in the disc at 3.5× 109 cm.
the lower branch of the equilibrium S curves shown in Fig-
ure 1 (Osaki 1996), in general agreement with observations
(Warner 1995). After a dwarf nova outburst the mass trans-
fer rate through the disc could drop by a factor of ∼ 103
from say M˙disc = 10
17 to M˙disc = 10
14 g s−1, but the disc
may continue to be heated by a luminosity that is signifi-
cantly higher than the value expected for a steady disc at the
lower accretion rate. The irradiation luminosity could be by
soft photons from the white dwarf which has been accretion
heated by the immediately preceding outburst, and accumu-
lated effects of previous outbursts. Enhanced heating of the
outer disc may also occur at the end of an outburst when
the luminosity of the inner regions of the disc far exceeds
the luminosity expected for steady disc at the mass transfer
rate rate appropriate to the lower branch of the S curve.
In order to investigate the effects of non-steady heat-
ing, we carried out an additional series of calculations for
the model with M˙disc = 10
14 g s−1 where the heating was
enhanced to correspond to mass transfer rates near the in-
ner edge of the disc of M˙disc = 10
15, 1016 and 1017 g s−1
respectively (Figure 7). At the upper end of this range, the
heating is mainly by UV photons at the appropriate black
body temperature, and disc evaporation becomes very effec-
tive. These calculations show that non steady heating, for
instance due to radiation from the heated white dwarf, can
increase disc evaporation significantly. However, an increase
in irradiation by a factor of at least 103 over the steady case
is necessary for the evaporation rate to become comparable
to the mass flow rate through the disc.
4.2 Application to stellar mass Black Hole discs
The main difference between the thermal equilibrium in the
outer layers of an accretion disc around a stellar mass black
hole and a CV is the role played by the external hard radi-
ation field (e.g. Begelman, Shields & McKee 1983, Idan &
Shaviv 1996). As shown above, for CV’s this external radia-
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Figure 8. The same as Figure 6, but now for an accretion disc
around a 10 M⊙black hole at a radius of 1010 cm. Note the much
stronger effect of the irradiation.
tion field has a mild effect on the steady state structure, but
for black hole discs the radiation field completely changes
the behaviour of the equilibrium curves. For discs around a
stellar mass black hole, we assume that the temperature of
the external radiation field is
Tbb = Td,eff (rmax) (18)
where Td,eff is the effective temperature of the disc and rmax
is the radius of the disc where most energy is dissipated, at
10 Schwarzschild radii. The dilution factor ǫ is
ǫ = η
πr2in
4πr2
(19)
with η a geometrical correction factor for the fact that the
central continuum source is likely to be beamed perpendicu-
lar to the disc. We take η to be 0.1. In Figure 8 we show the
thermal equilibrium curves for the outer layers of a disc at
a radius of 1010 cm around a 10 M⊙black hole, parameters
appropriate for BHSXT’s.
First we demonstrate the importance of the external
radiation field by comparing a model with M˙disc = 10
17
g s−1 with (the thick lines labelled with 17) and without
(thin lines) radiation. The presence of the radiation field in-
creases the temperature at the instability point from 6×104
to 7 × 105 K and the pressure from 10−2 to 3 × 102 dyne
cm−2 for the α = 0.3 curve. According to our mass loss es-
timate equation 17, this implies a factor of 104 increase in
mass loss from the cool disc relative to the non-irradiated
case. The models shown in Figure 8 also do not exhibit a real
corona in the sense that a sudden transition to high temper-
atures occurs, although for the higher mass loss rates the
temperature goes up to a million degrees before becoming
unstable. We note that for larger radii and higher mass ac-
cretion rates a temperature discontinuity does form, with
the temperature jumping from a few times 104K to about
106K, the latter corresponding to a well known equilibrium
state of an X-ray irradiated low density gas (Krolik, McKee
& Tarter 1981). The gas can remain in the hot state while
the pressure drops by another factor of ten before becoming
unstable.
It can be seen from figure 8 that for the highest accre-
tion rate considered (1018 g s−1) and α = 0.01, the disc
atmosphere does not become unstable at low presssures,
but rather assumes a constant temperature as the pres-
sure drops. This is because in this case the radiation field
is strong enough to compensate for the viscous heating by
inverse Compton cooling. Both the viscous heating rate and
the Compton cooling rate are proportional to the pressure,
so that the equilibrium remains valid as the pressure drops,
and the atmosphere is stable everywhere. However, since the
viscous heating rate is proportional to the disc angular ve-
locity Ω ∝ r−1.5, and the Compton cooling proportional to
the energy density of the radiation field Urad ∝ r−2, the
cooling decreases faster with radius than the heating, and
beyond a certain radius the thermal instability returns. In
our case, we find that models with an accretion rate of 1018
g s−1 and α = 0.01 become unstable for logR >∼ 10.5. These
results are consistent with those of Czerny & King 1989, who
studied the stabilization of an accretion disc atmosphere by
Compton cooling while neglecting other radiative cooling
and heating processes. Czerny & King considered only ra-
diation directly from the underlying disc. Because we take
the external irradiation into account, we find more effective
stabilization at larger radii than Czerny & King did.
We point out that the models for Compton heated
winds from accretion discs of Begelman, McKee and Shields
(1983) did not include viscous heating. Most of the effect of
these Compton heated winds come from the outer radii of
the disc where the virial temperature becomes comparable
to the Compton temperature. In our calculations the region
where Compton cooling can compensate for viscous heat-
ing does not extend out far enough to reach Tcomp ∼ Tvir,
so that the regime considered in the Compton heated wind
models is never reached. Thus, the Compton heated wind
models require that α << 0.01 in the corona in order to be
valid.
Figure 8 also shows that if α ∼ 0.3, the vertical mass
loss from the cool disc could become comparable or greater
than the mass flow through the disc for M˙disc <∼ 10
16 g s−1,
implying that steady, cold discs may not exist around stel-
lar mass black holes in the low M˙ regime if the dissipation
rate in the outer layers is high (α >∼ 0.1). We have summa-
rized our results for the relative mass flow out of the cool
disc (M˙w/M˙disc) for different radii in Figure 9. Our results
indicate that disc evaporation by a combination of viscous
heating and irradiation is more important in the outer parts
of a steady disc than in the inner parts. Only for the low-
est accretion rate of 1014 g s−1 is the entire range of radii
we consider susceptible to complete evaporation, implying
that a steady state cool disc may not exist beyond a ra-
dius of 109 cm. However, the evaporation could remain a
significant effect at at least the 10 % level for all accretion
rates considered. We re-emphasize that this conclusion does
depend upon the effectiveness of viscous heating (α) in the
atmosphere, and that for smaller α the evaporation becomes
important only for lower mass accretion rates and larger disc
radii, e.g. for α = 0.01 the accretion rate and evaporation
rate become comparable for R = 1011 cm and M˙disc = 10
14
g s−1.
The somewhat complex behaviour (crossing over) of the
curves at log R = 10.5 in Figure 9 is due to a switch of the
equilibrium state at which the lowest stable pressure occurs,
between the cool equilibrium at a few times 104 K and the
hot equilibrium for X-ray irradiated gas at about 106 K.
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Figure 9. This plot illustrated the relative importance of viscous
evaporation, by showing the ratio of the evaporative mass loss rate
(equation 17) and the mass flow rate through the disc, for a disc
around 10 M⊙black hole with α = 0.3. For low M˙disc the disc
can be completely evaporated in the range of radii considered. As
M˙disc increases, evaporation only becomes important at larger
disc radii.
5 DISCUSSION
We have shown that mass loss can occur from the surface of
an accretion disc by evaporation due to thermal instability
for a variety of conditions.
For accretion discs in cataclysmic variables, radiative
heating by photons from smaller radii in the form of hard
X-rays (from an optically thin boundary layer) or ∼ 105K
black body photons (from an optically thick boundary layer
or the heated white dwarf surface), plays an important role
in determining the mass loss rate due to atmospheric ther-
mal instability. Under steady state conditions, the mass loss
rate is expected to be less than a maximum of a few percent
of the mass transfer rate through the disc, with the maxi-
mum being reached in low M˙ discs. However, in non steady
discs, mass loss from thermal instability could be a larger
fraction of the mass transfer rate through the disc. Another
effect that could significantly increase the evaporation rate
is extra heating in the atmosphere, as would be expected if
a significant buoyant flux of magnetic field is escaping from
the disc and is dissipated in the atmosphere, as has been
suggested by some authors (Tout & Pringle 1992, but see
also Stone et al. 1996). The thermal instability may there-
fore provide an explanation for the UV delay seen in some
dwarf novae, which has been interpreted as evidence for the
existence of ”holes” in the disc during the low M˙ phase of the
dwarf nova cycle, but other effects that come into play once
the instability has led to a significant corona are probably a
better candidate.
An example of this is the work of Meyer & Meyer
Hofmeister 1994 (MMH) and Liu et al. 1996, who found
that evaporation from a CV disc can easily lead to signifi-
cant mass loss. These models do not consider the stability
of a cold disc by itself, but rather consider the situation in
which the disc is sandwiched between a corona, and calcu-
late the structure of such a disc-corona combination self-
consistently. The evaporation in their case is due to ther-
mal conduction from the viscously heated corona into the
cold disc. They also take the dynamics of the evaporative
outflow into account, an ingredient that is still missing from
our exploratory calculations. Our results indicate that a cold
disc by itself is indeed unstable, and that the formation of
a corona is inevitable. Thus, evaporation by the mechanism
modelled here may play a role by providing seed material for
a corona, which may then develop into a coronal siphon flow
in the manner outlined by MMH. We do treat the thermal
equilibrium of the accretion disc outer layers in more detail
than MMH, and show that the effect of the radiation field,
which was not included by MMH, can be quite significant.
We find that in our case the heating in the disc atmosphere
is dominated by absorption of radiation over many pressure
scale heights (even in the case of no radiation from the centre
of the accretion flow), and not viscous heating as modelled
by MMH. We expect that for discs around black holes or
neutron stars the irradiation effect is so strong that the disc
evaporation picture developed by MMH for CV discs will
have to be modified to include the irradiation.
Disc atmospheres around stellar mass black holes de-
velop a thermal instability at much higher pressure than
discs around white dwarfs due to the strong irradiation, and
significant evaporation by thermal instability appears to be
a real possibility. The importance of X-ray heating in de-
termining the S curves of BHSXT discs and disc instability
has already been demonstrated by El Khoury and Wickra-
masinghe (1998). Our calculations have shown that X-ray
heating from the inner regions of a black hole disc can be
sufficient to drive evaporation at a rate comparable to or
larger than the local mass transfer rate through the disc for
M˙disc <∼ 1016 g s−1. The evaporation is strongest in the outer
regions of the disc,and will be quenched by Compton cool-
ing only at very high M˙disc (∼ 1018 g s−1) and for low α in
the accretion disc atmosphere. Thus, the thermal instability
considered here may play a role in the transition of thin cool
discs to hot advection dominated discs that has been postu-
lated to explain the absence of a strong X-ray flux from some
accreting black hole candidates (e.g Narayan, McClintock &
Yi 1996).
Our results could have important implications for the
interpretation of the observations of accretion discs around
Black Hole Soft X-ray Transients. It is well documented
that line profiles of H and He lines seen in BHSXT’s are
rarely disc - like. Rather, phase dependent observations show
strongly asymmetric and split lines which are inconsistent
with an origin in a standard disc (Soria et al. 1998). We draw
particular attention to the well studied system GRO1655-40.
The spectral energy distribution during its 1996 outburst
appears to evolve in time more like a black body than a disc
(Hynes et al. 1998). The soft X-ray delay seen in this system
(Hameury et al. 1997) also argues for a non standard disc.
Based on our calculations, it would appear that the mod-
elling of the time dependent evolution of such systems would
require consideration of evaporation, and accretion from the
hot, thick disc that could result from this.
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